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ABSTRACT

Rapid Infiltration Basin Systems use the
controlled application of treated wastewater to
soil to remove constituents in the wastewater
before recharging groundwater. Effluent from
most new wastewater treatment plants is
enriched in NOj’, so denitrification (DNF) is the
main reaction for N removal. The absence of
molecular oxygen and an adequate supply of
carbon to serve as a substrate for heterotrophic
bacteria are the required conditions for DNF.

During RIBS operation, wastewater is applied to
open basins cyclically, usually with a flooding
period followed by days or weeks of drying. Key
operational parameters impacting DNF include
the ratio of wetting to drying time and the
hydraulic loading rate, which affect water satu-
ration and air content in the vadose zone and
residence time of contaminants. To investigate
the effects of complex surface and subsurface
flow patterns caused by non-uniform flooding
on system performance, we applied a coupled
overland flow-vadose zone model previously
implemented in iTOUGH2 to TOUGHREACT.
The flow portion of the coupled code was previ-
ously tested with published laboratory and field
data. This modified TOUGHREACT was then
used to investigate effects of operating condi-
tions on the fate and transport of N.

Simulations with the coupled overland flow-
vadose zone model predict uneven water distri-
bution over the basins, a condition that signifi-
cantly affects DNF. Smaller ratios of wetting to
drying time, i.e., shorter but more intense

flooding periods, result in greater water satura-
tions, shorter residence times, and lower oxygen
concentrations in the vadose zone, ultimately
resulting in greater DNF. For the same reasons,
higher loading rates also result in greater DNF,
because of favored growth of microbial commu-
nities at deeper depths. Using a coupled surface-
subsurface model is critical for predicting DNF
when the hydraulic loading rate is not suffi-
ciently large to quickly spread the wastewater
over the whole basin.

INTRODUCTION

Rapid infiltration basin systems (RIBS) are one
of the major land-treatment techniques for
disposal and treatment of reclaimed wastewater
(US EPA, Office of Water, 2003). In these
systems, treated wastewater using primary,
secondary, or advanced treatment techniques is
disposed into shallow basins constructed in
permeable soils such as sand. Effluents from
wastewater treatment systems potentially
contain a number of contaminants, and nitrogen
(N) compounds are of particular concern.

During RIBS operations, wastewater is applied
intermittently in a cycle of a flooding period—
wastewater application—followed by days or
weeks of drying (NRMRL, 2006; US EPA,
1984). The drying period is required for restora-
tion of the infiltration capacity and allows
renewal of the biological and chemical treatment
capability of the soil. As a result, the ratio of
flooding to drying time (referred to here as the
application cycle) is critical to the successful
operation of RIBS and varies with the quality of



applied wastewater and soil type. This ratio is
recommended to be between 0.5 to 1.0 when N
removal is the main objective of RIBS opera-
tions and the wastewater is not completely nitri-
fied (NRMRL, 2006; US EPA, 1984). In this
case, the effluent must first be nitrified and then
denitrified. Therefore, oxic conditions in the
vadose zone are required for nitrification.
However, in most new sequenced batch reactor
wastewater treatment plants, a fully nitrified
wastewater is applied and DNF is the primary
reaction for removing N from subsurface water.
In this case, anoxic conditions and an adequate
supply of organic C are critical for DNF. There
are no EPA recommendations for the ratio of
flooding to drying time for such systems.

Another design parameter is the hydraulic
loading rate within each application cycle, which
affects O, availability, pore-water velocity, and
thus retention time. Because of the fixed total
amount of wastewater discharged on a basin, the
loading rate and application cycle are interde-
pendent. For example, achieving a low loading
rate may require a high ratio of flooding to
drying time.

In previous modeling and experimental studies
of RIBS, the basin was always assumed to be
flooded completely and instantaneously during
the flooding period (Gungor and Kahraman,
2005; Kopchynski et al., 1996). However, the
use of a low applied loading rate and overdesign
of the required infiltration area in many RIBS
will cause nonhomogeneous distribution of
wastewater (Mottier et al., 2000), and the condi-
tions under which water reaches areas farthest
from the discharge valves by overland flow after
the infiltration capacity of areas nearest
discharge valves is exceeded.

The objective of this work was to apply a
coupled surface—subsurface flow model in
TOUGHREACT to elucidate the utility of
existing approaches for estimating DNF under
RIBS when wastewater is applied non-uniformly
due to overland flow, and to study effects of
operating conditions and wastewater quality on
N fate and transport. The flow portion of the
coupled code was previously tested with
published laboratory and field data (Akhavan et
al., 2012).

MODEL DEVELOPMENT

Numerical simulations were performed using
TOUGHREACT vl1.1 (Xu et al, 2006; Xu,
2008). Modifications previously implemented in
iTOUGH2 that coupled overland flow with
subsurface  transport  were added to
TOUGHREACT vl.1, and the flow portion of
the coupled code was retested.

Surface and Subsurface Flow Equations

The Saint-Venant equations were used to model
surface-water flow, where the diffusion wave
(non-inertial wave) form was chosen for the
momentum equation. The surface-water flow
equations were coupled with the two-phase flow
equations for water and air (EOS3). A surface
layer of thickness e was assumed superimposed
on the topsoil layer in the numerical model.
Liquid flow within the surface layer was
presented in a similar form that describes flow in
a porous medium:

ah; V- (KV(z, +h))=q,

where £ is the water depth on the surface [L], K
is the hydraulic conductivity tensor [LT™], z,1s

land (L],
source/sink term [LT']. The nondiagonal terms

surface elevation and ¢, is a

of the hydraulic conductivity tensor K are zero
and the diagonal components are
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The horizontal hydraulic conductivities describe
surface water flow, while the vertical hydraulic
conductivity describes resistance to liquid flow
between the surface and subsurface layer, with
k.. equal to the vertical permeability of the
subsurface layer, and n,,, the Manning rough-
ness coefficient [L™°T]. More details of the
coupling approach are given in Akhavan et al.
(2012).



Solute Transport and Biogeochemical Reac-
tions

The macroscopic equations governing aqueous
and gaseous advective—diffusive transport in a
variably saturated porous medium were used for
solving transport of chemical species. The
multiple Monod expression was used for
describing kinetic reactions among primary
species (Xu, 2008)

Ci k

Cix +Kyix

Lp
~

C. +K,

Lp Lp

r=kX,F(X,) f(pH)

where 7; is the reaction rate of the ith reaction,

k,is the maximum specific consumption rate, X,

is the biomass of the population m responsible
for the reaction, F(X,) is the biomass growth
inhibition term (MacQuarrie and Sudicky,
2001), C;y is the concentration of the &th Monod
species, C;, is the concentration of the pth

inhibiting factors, K wigand K, pare the kth

Monod half-saturation constant of the ith species
and the pth inhibition constant, and f(pH) is the
piecewise linear function accounting for micro-
bial acidity stress (Maggi et al., 2008):

min lpH—é,—lpH+E
f(pH)= 4 4 4 4

0 Otherwise

3<pH <11

In order to account for rate limitations as a result
of excessive biomass accumulation, a biomass
growth inhibition term was incorporated in the
Monod expression (Kindred and Celia, 1989)

F(X Kb,m
(X,) = £ +X,

where K »m18 an empirical inhibition constant.
As discussed by Kindred and Celia (1989), when
the biomass of the population m becomes much
larger than K b the reaction rate formula is
similar to the basic Michaelis-Menton expres-
sion except that the biomass is replaced by the
constant K ».m- The effect of microbial volume
augmentatiofl on soil porosity and its effect on
water flow were neglected.

Biodegradation reactions
The carbon oxidation and DNF reactions were

X

CH,0+0,—CO, + H,0

4 KX D 1. _
CH,0+-NOT =N, + ZH,0+ H'" + HCO;

and were modeled using the multiple Monod
expression. It was assumed that the same bacte-
ria population, X;, was responsible for both
reactions. Production of intermediate N
compounds such as NO and N,O were not
included in the formulation because the focus of
this study was on NO; removal. A kinetic
dissolution model presented by Jardine et al.
(1992) was used for modeling adsorption and
dissolution of dissolved organic carbon

d DOC
dt

where DOC is the dissolved organic carbon

concentration [ML™'], DOCis the mass of solid
organic carbon per mass of solid [MM™], « Jisa

= a,(K, x DOC - DOC)

first-order mass-transfer coefficient [T'l], and
K ,is a linear distribution coefficient [L3M'1].

K,=50 L kg”' and a, =421x107'S" were
used for these simulations. Monod parameters
are given in Table 1.

Table 1. Monod parameters used for simulations

Parameter Value
Death rate of bacteria (d™) 0.05
Max. carbon oxidation rate (d'l) 4.9
Max. DNF rate (d™) 4.9
Half saturation constant NO; 0.5
(mg L")

Half saturation constant DOC 7.41
(mg L")

Half saturation constant O, (mg L'l) 0.2
O, Inhibition constant (mg L™ 0.2
Microbial yield coefficient (-) 0.63

RAPID INFILTRATION BASIN
SIMULATIONS

To study the effects of a spatially non-uniform
distribution of wastewater, hydraulic loading
rate, and application cycle on DNF in RIBS, we
simulated different scenarios using the coupled
surface—subsurface code that accounts for
overland flow. Initial and boundary conditions
and other RIBS properties were selected to
represent a common scenario in RIBS operation.



A number of simulations were conducted with a
specified flux boundary at the basin surface to
reproduce the approach used in conventional
modeling studies.

We developed a two-dimensional, vertical
model 55.5 m long and 26.1 m in depth, which
represented one-half of the physical domain. The
horizontal grid size ranged from 0.05 to 1 m,
with a refined grid beneath the basin area, and
the vertical grid size ranged from 0.02 to 1 m,
with a refined grid in the unsaturated zone. The
infiltration basin in the model was 5 m wide and
positioned at the top left-hand boundary, with
wastewater distribution represented as a line
source on the left edge of the basin. This line
source represented a distribution pipe. A
schematic of the model domain is shown in
Figure 1. The thickness of the surface layer for
overland flow was defined as 1 m.

Inflow
l Basin Area

2m['

v

€ 56 m

Schematic of model domain. The
denitrification reduction factor, F,, was
calculated in the dashed red rectangle.
Vertical yellow line is the compliance
boundary where NO; concentrations were
monitored in groundwater.

Figure 1.

Sand—USDA textural class—was used for
simulations, and the ROSETTA pedotransfer
function model was used to estimate the param-
eters of the van Genuchten—-Mualem model for
this soil, using the textural class option
(Radcliffe and West, 2009) (Table 2). A
homogeneous medium with an anisotropy ratio
of ky/k.. = 10 was assumed for all simulations.

Table 2. Hydraulic parameters used for modeling

K,.(emd) n a(m') 6 0

645 3.18 0.0353 0.053 0.375

Initial conditions were defined by an equilibrium
head distribution, with the water table located at
a depth of 2.05 m below the basin floor. No-flow
boundary conditions were defined for the bottom
and left boundary of the model, while at the
right boundary, a constant-head boundary
condition was specified, sufficiently far from the
basin to minimize its effect on simulation
results. Initial conditions and wastewater source
properties for selected aqueous species are listed
in Table 3. The RIBS were simulated with three
alternative hydraulic loading rates and two
application cycles. The three hydraulic loading
rates were 0.5, 0.75, and 1 m wk ! (L2-L4),
while the application cycle was either 0.5
flooding days followed by 6.5 drying days (C1),
or three flooding days followed by four drying
days (C2). The total amount of wastewater
discharged in the basin in each 7 d cycle was
identical for a particular hydraulic loading rate.
The three hydraulic loading rates tested are
equivalent to annual loading rates of 13 to 52 m

yr ',

Table 3. Initial conditions and wastewater source
properties for selected aqueous species

Aquegus Initial Value Source
species Value
NO;
(mole L-N) 0.0 10.0
DOC (mg L™ 0.0 25.0
DOC | 0.0 0.0
(mg mg™)
0-8m: 2.3x10™*  2.3x107*
O, (mole L")  8-10m: 1.3x10™
10-26m: 3x107
pH 6.9 6.0
HCO3 -5 -5
(mole L'l) 1.7x10 3.9%x10
N, (mole L™) 0.0 0.0
_X; (mg LY 0.47 0.0

O; is given in different depths.

Simulations were run for 8 weeks until quasi-
steady-state conditions were achieved, where the
change in percent removal of NO; and DOC
(described below) between consecutive cycles
was <2%. The right boundary was specified
sufficiently far enough from the discharge valve
that the wastewater plume did not reach this
boundary in 8 weeks.



The results of the three hydraulic loading rates
and two application cycles were compared using
two performance measures. The first was the
percent removal of NO; and DOC, which was
computed by subtracting the current NO; (DOC)
in the domain from the total added NO; (DOC),
normalized by the total mass added. The second
performance measure was the maximum NOj;
concentration in a vertical cross section (compli-
ance plane) located 8 m from the discharge
valve (see Figure 1).

The effect of operating conditions on DNF was
also studied using a simplified approach that
accounts for the impact of pore water saturation
on DNF. In this approach, a variable, F,, was
introduced, which is a measure of the reduction
in DNF because liquid saturation conditions
were not ideal. Liquid saturation is an important
parameter that controls O, diffusion from the
atmosphere and affects local O, concentrations
in pore water. Anoxic conditions are one
requirement for DNF, but modeling O, dynam-
ics in the subsurface is complicated. Therefore,
liquid saturation was used as a surrogate variable
to evaluate O, limitations in the pore water in
previous work (Heinen, 2006; Vereecken et al.,
1991). Fj, the reduction factor due to water satu-
ration, was defined as

0 S, <SS,
s Sl St StsSl<Sm
S —S,
1 S, <S5

where §; is liquid saturation, S,, is a threshold
liquid saturation above which Fy; =1, and S, is a
value below which F; = 0. We selected S,, = 1, S,
= 0.62, and w = 1.74. In our simulations, F; was
computed in a rectangular region beneath the
infiltration basin, as shown in Figure 1. It was
evaluated at each location in the rectangular
region and then averaged across space. More
details are presented in Akhavan et al. (2012).

Two values for K ».mWere tested: 1 and 10 mgL™.
These values were selected such that biomass
growth did not reduce initial porosity more than
20%, and as a result would not significantly
affect hydraulic conductivity. The fraction of
pore space occupied by biomass, n, ,was esti-

m

mated from Brovelli et al. (2009); Kildsgaard
and Engesgaard (2001); and Lee et al., (2009):
X p,

m

nX;JI P
px‘

m

where P, is the bulk density [ML™], £ x' is the
density of solid biomass [ML?], and X m is
solid biomass concentration [MM™]. Py was
considered to be in the range of 2500-6000
mgL" (Kildsgaard and Engesgaard, 2001).
Using K p1=1 and 10 mgL™" limited maximum
biomass concentration to less than 600 mgL™.
K pa1= 0.5 and 1 mgL™" were used in previous
numerical studies (Lee et al., 2006; MacQuarrie
and Sudicky, 2001)

MODELNG RESULTS

Removal Process

To illustrate NO; removal and system dynamics,
we present results after 8 weeks of wastewater
flooding. Figure 2 shows water saturation, NOs,
biomass, and O, (aq) biomass contours for
loading rate 4, application cycle 1 (L4Cl1), and
loading rate 4, application cycle 2 (L4C2) after

flooding in week 8. I%,,,l =1 mg L' was used in

these two simulations. Contours are shown for a
30 m wide and 15 m deep portion of the domain
beneath the basin. Because of the higher instan-
taneous hydraulic loading rate in cycle 1 versus
cycle 2 (loading over 0.5 versus 3 days), the area
below the RIBS has higher water saturation for
L4C1. However, NO; contours indicate that in
both application cycles, DNF occurs primarily
beneath the water table. O, contours show that
although soil under the basin is more saturated
for L4C1 than L4C2, an anoxic zone in both
cycles only forms beneath the water table.

Because of the lower instantaneous hydraulic
loading rate in L4C2 than L4C1, higher biomass
concentrations developed for L4C2 in the
vadose zone beneath the basin (see Figure 2).
For example, the maximum biomass concentra-
tion in this region was 66 and 41 mg L™ for
L4C2 and L4Cl1, respectively. Although the total
biomass produced for L4C2 and L4C2 was
nearly the same, the higher loading rate for
LA4C1 resulted in lower biomass growth under
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Figure 2. Water saturation, S; (-); NOs(mole L), biomass(mg L"); and 0:(aq) (mole L
contours for L4C1 (ton) and L4C2 (bottom)

the basin but a more extensive region of biologi-
cal growth laterally, due to the greater lateral
movement of water and substrate. Thus, shorter
but more intense flooding periods distribute
biomass over a larger area, and in some cases to

greater depths (e.g., for [%b,l =10 mg L' simula-

tions not shown here), which could improve
DNF when the biomass growth is extended to
the anoxic zone under the water table.

The first moment of biomass and DOC were
computed in the Z direction in a 5 m long and 6
m deep region beneath the infiltration basin after
flooding in week 8. The total mass of DOC was
also computed in this region. These results for

[%b,l =1 mg L' are shown in Figure 3.
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Figure 3. First moment and total mass of DOC
beneath the basin for 12,,,1: 1 mg L'

for different loading rates and
application cycles.

As the hydraulic loading rate increased from L2
to L4 (0.5 to 1.0 m per week) for both cycles
(C1 and C2), the residence time in the vadose
zone decreased, and more substrate (DOC) and
biomass were transmitted downward, resulting

in larger first moments. The results are similar
for [%bJ:lO mg L. As will be shown below,

application of larger loading rates improves
DNF, because it develops biomass at greater
depths and preserves more carbon for DNF
under the water table (see the first moment of
biomass and total DOC plotted in Figure 3). For
the same loading rates, application of shorter
flooding periods (cycle 1 versus cycle 2)
improves DNF as well, because the residence
time of DOC in the vadose zone is reduced,
resulting in less DOC oxidation. For these cases,
more of the DOC is transported below the water
table where it supports DNF.

To evaluate where DNF occurred, concentra-
tions of NO; and a conservative tracer with the
same loading as NO; were examined at different
depths to compute the cumulative percent NO;
removal at the end of the flooding period in
week 8. Figure 4 shows cumulative NO;

> -1
removal versus depth for K, ,=1mgL".
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Figure 4. Cumulative NO; percent removal over
depth

DNF occurred almost entirely beneath the water
table at depths of 2—7 m for both cycles. In both



cycles, cumulative DNF was larger for higher
loading rates, ranging from 16 to 23% for cycle
1 and from 10 to 21% for cycle 2. The DNF
zone extended to greater depths as loading rate
increased. For the same loading rate, DNF was
also larger in cycle 1 (shorter flooding period),
than cycle 2, where the higher DNF occurred at
the depth of 2-3 m. R
While results presented above were for K, =1
mg L™, similar trends and conclusions regarding
the impact of hydraulic loading rate and appli-
cation cycle on DNF were drawn from simula-
tions with [%b,l =10 mg L.

Microbial Growth Model vs. Simplified
Process Model

Figure 5 shows NO; removal for alternative
loading rates and application cycles predicted
with the microbial growth model and the simpli-
fied process model, where an average NOj;
reduction factor was calculated (F;). Water satu-
rations used in the calculation of F; and shown
in this figure were averaged over a 5 m long and
2 m deep region beneath the infiltration basin.
The simplified process model evaluates DNF by
only accounting for water saturation and predicts
much larger DNF than the microbial growth
model. However, the simplified process model
and microbial growth model both show increas-
ing DNF with loading rate for a given cycle, and
higher DNF for cycle 1 than cycle 2. The final
cumulative NO; removed shown in Figure 4 for
the vertical region beneath the basin were in
good agreement with NO; removal computed for
the entire domain in Figure 5.

Water Saturation =-Nitrate_Removal-kb1l —Fs

e o o
N ®» o
3
)

e o
w )
al

Water Saturation (-)
2
m

20
0.2 5
0.1 0=
0.0 — — — — — — o

L2c1 L3c1 Laci L2c2 L3c2 Lacz

Figure 5. NO; removal for alternative loading
rates and application cycles computed
with the microbial growth model and
F, from the simplified process model

To evaluate the effect of different operating
conditions on reducing NO; concentrations in
the groundwater, NO3 concentrations were com-
puted in a vertical cross section located 8 m
from the discharge valve (see Figure 1).
Although percent NO; removed increased by
applying higher loading rates and using shorter
but more intense flooding periods (see Figure 5),
the maximum NO; concentration along the
compliance boundary did not differ significantly
for alternative operating conditions: the maxi-
mum NO; concentration was reduced by 1.7—
4.5% from that in the discharged wastewater,
which is negligible.

The primary limitation on DNF was the lack of
sufficient DOC in the effluent for NO; removal.
In a well well-mixed system and assuming no
DOC is consumed by the carbon oxidation reac-
tion, 10.7 mgL™" DOC is required for DNF of 10
mgL'1 NO;. However, because of oxic condi-
tions in the vadose zone, even the 25 mgL
DOC applied here was insufficient for complete
DNF of the 10 mgL'1 NOs;. Instead, DNF ranged
from 11 to 26%, depending on operating condi-
tions (see Figure 5).

Overland Flow Top Boundary Condition vs.
Specified Flux

For the simulations where a specified flux was
assumed across the top boundary, the same
loading rates used in the overland flow simula-
tions were applied, except that each loading rate
was spread evenly across the total basin area.
Figure 6 shows NO; removal predicted with the
overland flow boundary was higher than
removal predicted using a specified flux bound-
ary condition for both K, ;. Thus, the error in
neglecting overland flow on NO; removal is
significant and can exceed 300%.
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Figure 6. NO; removal using overland flow and
specified flux boundary conditions



CONCLUSIONS

Rapid infiltration basin-system operations are
guided by requirements to reduce NO; to maxi-
mum acceptable groundwater concentrations.
Anoxic conditions and an adequate supply of
carbon are required for DNF. In the absence of
other electron donors, carbon is consumed by
microbial oxidation. Percent NO3 removed was
found to be sensitive to the basin boundary
condition—either overland flow or a specified
flux boundary—the hydraulic loading rate, and
the flooding/drying period ratio. However,
because of insufficient DOC, maximum NO;
removal was <30% for all operating conditions.
The most significant DNF occurred for high
loading rates and small flooding/drying ratios.
Here, the residence time of DOC in the vadose
zone was reduced, allowing more to reach the
anoxic zone under the water table where it was
available for DNF.

In this study, the commonly assumed specified
flux boundary condition resulted in underpre-
dictions of DNF by as much as 300%.
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